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We demonstrate a simple electrochemical route to produce
uniformly sized gold nanospikes without the need for a capping
agent or prior modification of the electrode surface, which are
predominantly oriented in the {111} crystal plane and exhibit
promising electrocatalytic and SERS properties.
A significant amount of research has focused on the dependence
of size, shape and exposed crystallographic facets to catalytic
and sensing properties of metallic nanostructures.1–5 Although
solution-dispersed nanoparticles can be utilised as promising
electrocatalysts, their immobilisation/assembly onto a rigid
surface is rather challenging and irreproducible. Moreover,
many applications require active and homogeneous surfaces
which are difficult to achieve with these materials. Hence,
methods of creating metallic nanostructures with well-defined
shapes, crystallographic orientation and good mechanical
adherence to the substrate are of the utmost importance for
surface enhanced Raman scattering (SERS) sensing, electro-
catalysis, heterogeneous catalysis, and other applications requiring
nanostructured surfaces with highly ordered interstitial
spacing.
Electrochemical methods offer a facile route to fabricate
well-defined nanostructured surfaces in a controlled manner.
Metal nanoparticles in the shape of spheres, rods, and
triangles have been successfully synthesised with such an
approach.1 However in most cases, organic additives in
solution or adsorbed on the substrate are required to control
the growth process,6,7 which ultimately affect the surface
chemistry of the resultant material that might not be ideal
for certain applications. Recently much interest has focused on
the electrochemical synthesis of hierarchical flower like gold
microstructures where the sharp nanoflakes within the
structure are attributed to be responsible for their SERS and
superhydrophobic properties.8,9 In this work we demonstrate
a new hierarchical nanostructure of Au termed as ‘nanospikes’
that can be achieved in a rapid and facile manner from a
solution containing HAuCl4 and an inorganic directional
growth agent Pb(CH3COO)2 which does not alter the surface
chemistry of the gold deposit.
Gold nanospikes are achieved from a solution containing
6.9 mM HAuCl4 and 0.5 mM Pb(CH3COO)2. A 200 nm gold
substrate prepared by e-beam evaporation onto quartz was
used as the working electrode. A Ag/AgCl (3 MKCl) reference
electrode and graphite counter electrode were used.
Deposition parameters were kept constant at 0.05 V for 600 s.
Illustrated in Fig. 1 are SEM images of Au electrodeposited
in the presence of Pb2+(aq) ions. Gold nanospikes are formed
with a base diameter of ca. 50 nm and are up to 500 nm long,
the tips of which are well-defined tapering triangular points of
ca. 10 nm diameter. The side view angle taken at 401 (Fig. 1b)
clearly shows the outward growth of nanospikes from the
surface. The coverage is extremely uniform as evidenced by the
lower magnification images in Fig. S1, ESIw. Under these
conditions Pb2+(aq) is playing a role in directing growth as
Au electrodeposition in the absence of Pb2+(aq) results in an
uneven deposit of randomly sized crystallites.
Cyclic voltammograms (CVs) for the reduction of HAuCl4
in the absence and presence of Pb2+(aq) are shown in Fig. 2a.
The introduction of Pb2+(aq) shifts the onset for reduction
of AuCl4

(aq) to less negative potentials due to cathodic
depolarisation of the electrode surface which also increases
the rate of gold electrodeposition.10 The morphology of
electrodeposited Au is sensitive to the electrodeposition
Fig. 1 SEM images of gold nanospikes electrodeposited at 0.05 V for
600 s from 6.9 mM HAuCl4 containing 0.5 mM Pb(CH3COO)2. Scale
bar is 500 nm in (a) and 1 mm in (b).
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potential as illustrated by SEM images of samples prepared at
0.15, 0.25 and 0.45 V (Fig. S2, ESIw). On going to more
positive potentials, the extent of outward growth diminishes
due to the decreased rate of deposition while the formation of
more plate like structures is observed on extended electro-
deposition times (40 min). The length of the nanospikes can be
controlled with time, which affects the porous nature of the
surface.
The surface area of the Au nanospikes is larger when
compared to an unmodified Au electrode as shown in
Fig. 2b for CVs recorded in 0.5 M H2SO4. A clear increase
in the cathodic peak at ca. 0.91 V is observed, which is due to
the removal of oxide from the electrode surface formed in the
forward sweep. The onset for oxide formation occurs at a
lower potential than that of the unmodified electrode, and is
indicative of nanostructured gold.11 The appearance of a
shoulder (at ca. 1.1 V) prior to the main oxide formation
process suggests that the nanospikes have active surface defect
sites that are prone to premonolayer oxidation.12 This is
illustrated further by observation of a quasi-reversible process
at ca.0.45 V when CVs were carried out in 1 MNaOH which
stabilises gold oxides (Fig. 2c).13 Interestingly, evidence of this
transition is also seen for e-beam evaporated Au which can be
attributed to retention of energy from the high temperature
deposition process followed by cooling, as observed previously
for thermally pretreated Au electrodes.14 The increase in
premonolayer oxidation responses may be related to surface
morphology. Hierarchical nanostructures with sharp edges
have been found to be rich in surface defects15 whereas the
Au substrate fabricated by e-beam evaporation is relatively
smooth with well-defined grains (Fig. S3, ESIw). Importantly,
such a response was not observed for a polished polycrystalline
Au electrode (BAS) in the same electrolyte (Fig. S4, ESIw).
Given that Pb2+(aq) was used as a directional growth agent,
the presence of Pb in Au nanospikes was monitored by X-ray
photoelectron spectroscopy (XPS), which indicated a complete
absence of Pb 4f signatures (data not shown). X-Ray diffraction
(XRD) data shown in Fig. 3 clearly show polycrystalline Au
wherein characteristic peaks due to Pb were not observed,
indicating that the Pb2+(aq) ions act only as a growth directional
agent. Interestingly, the Au nanospikes show a preferred
orientation along the {111} plane that can be related to the
affinity of Pb2+(aq) and AuCl4

(aq) ions for different crystal
faces of gold. It is known that Pb2+ ions bind in the order
{110} Z {100} 4 {111}, with the least affinity towards the
{111} crystallographic facet of Au.16 Conversely, the AuCl4

ions have stronger affinity towards Au {111} facets.17
Therefore, it is assumed under these experimental conditions
that growth along the {111} facets will be preferred in the
presence of lead ions. The appearance of higher index facets
such as {311} is also noteworthy, which suggests a surface rich
in atomic steps and kinks.18
The fabrication of such a uniform nanostructured material
was then investigated for its electrocatalytic properties. In
acidic solution, the hydrogen evolution reaction (HER) was
studied as a model system as it has been shown that the {111}19
and more so the {311} facet are extremely active for this
reaction.18 Illustrated in Fig. 4a are linear sweep voltammograms
recorded in the hydrogen evolution region at Au nanospikes
and an unmodified Au electrode. There is a significant increase
in current density and a negative shift in onset potential. This
may be attributed to the presence of more active {311} and
{111} facets, as Au nanospikes are significantly more oriented
along these planes than that in an unmodified Au electrode.
However, for many electrocatalytic applications the
reaction of interest is generally regarded as being more complex
than that for the HER. Therefore, as an example, the direct
oxidation of glucose in 1 M NaOH was investigated (Fig. 4b).
Clearly, there is a significant enhancement in current density
Fig. 2 CVs obtained at (a) a Au electrode for the reduction of 6.9 mM
HAuCl4 containing 0 (dashed) and 0.5 mM (solid) Pb(CH3COO)2
recorded at 50 mV s1. CVs of unmodified Au (dashed) and Au
nanospikes (solid) recorded at (b) 100 mV s1 in 0.5 M H2SO4 and
(c) 50 mV s1 in 1 M NaOH.
Fig. 3 XRD data for unmodified gold (black) and gold nanospikes
(red). Inset shows the region from 2y = 60 to 851.
Fig. 4 CVs recorded at an unmodified Au electrode (dashed) and Au
nanospikes (solid) in (a) 0.5 M H2SO4 at 5 mV s
1 and (b) 10 mM
glucose and 1 M NaOH at 50 mV s.
5040 | Chem. Commun., 2009, 5039–5041 This journal is c The Royal Society of Chemistry 2009
Pu
bl
ish
ed
 o
n 
15
 Ju
ly
 2
00
9.
 D
ow
nl
oa
de
d 
by
 Q
ue
en
sla
nd
 U
niv
ers
ity
 of
 T
ec
hn
olo
gy
 on
 21
/11
/20
13
 01
:43
:37
. 
View Article Online
and, importantly, a significant shift to less positive potentials
that is indicative of their enhanced electrocatalytic
performance for glucose oxidation. The presence of a {111}
oriented surface rich with defects may be active for glucose
oxidation and HER, however the role of surface oxides cannot
be eliminated. It has been reported that incipient hydrous
oxides on the surface of Au may be critical for its electro-
catalytic properties.20 Recently, Bard et al. demonstrated by
scanning electrochemical microscopy that these oxides are
present to a significant extent on Au in phosphate buffer.21
The results presented here in Fig. 2b and c suggest that the
nanostructured Au is particularly prone to premonolayer
oxidation. Interestingly, the onset for glucose oxidation on
the Au nanospikes occurs at a potential where a redox transition
is observed in the absence of glucose at ca. 0.45 V. Studies by
Bond et al. have indicated that this transition is a Faradaic
process attributed to the oxidation of Au in an active state.22
Therefore the large increase in catalytic current density for
nanospikes compared to an unmodified electrode, which is not
accounted solely by the increased surface area, may result
from a surface oxide mediated process.23 For the HER, Au
oxides can essentially be ruled out, as their presence at such
negative potentials is improbable and crystallographic
orientation is likely to be the dominant factor. However,
decoupling the effects of crystallographic orientation and
surface oxide formation for many electrocatalytic reactions
is an ongoing challenge.
Recent efforts have focused on utilising hierarchical Au
structures as substrates in SERS.8 It has been identified that
polyhedral Au nanoparticles are much more SERS active than
spherical particles as a result of well-defined edges and corners
which facilitate the induction of a greater localised field
enhancement.24 Theoretical studies show that nanomaterials
with sharp tips may have a localised electric field value as high
as 500 times that of the applied field.25
As seen in Fig. 1b these Au nanospikes have sharp edges
and tips with some sharp secondary nodes which may be
beneficial for SERS. Illustrated in Fig. 5 is a SERS spectrum
for rhodamine B that was immobilised on an unmodified Au
substrate and the nanospikes surface by the drop casting
technique. Notably, there is a significant enhancement in the
SERS signal intensity when compared to an unmodified
surface with peaks associated with rhodamine B clearly
resolved which was achieved over a 16 mm2 sample area using
a 100 mm spot size. A significant advantage is that this
substrate is not chemically modified with capping agents as
often encountered with the chemical synthesis of metal nano-
particles that may interfere with the analysis of trace or in
particular unknown target molecules.
In summary, a simple electrochemical route to Au nano-
spikes using an inorganic directional growth agent was
demonstrated which show promising electrocatalytic
properties and offer an active substrate for SERS based
sensing. The applicability of these nanostructures for other
electrochemical applications such as biomolecule immobilisa-
tion and characterisation is currently being pursued. Also,
given the ease at which Au can be chemically modified, such a
nanostructured substrate may be of benefit for many more
applications.
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